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OPEN CIRCUIT POTENTIAL AMPEROMETRY AND 

VOLTAMMETRY 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims benefit of and priority to USSN 60/278,555, filed on 

5 March 23, 2001, which is incorporated herein by reference in its entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

[0002] This work was supported by the DARPA Moletronics Program, administered 

by the Office of Naval Research (ONR) grant number N00014-99-0357. The government 
10 of the United States of America may have certain rights in this invention. 

FIELD OF THE INVENTION 

[0003] This invention relates the field of electrochemistry. In particular, this 

invention provides improved amperometric and voltammetric methods. 

BACKGROUND OF THE INVENTION 
15 [0004] There is an increasing interest in the development of arrays of surface- 

immobilized molecules for use as sensors, where molecular selectivity is achieved through a 
binding reaction with a sensor element often comprising a biological macromolecule (e.g. 
nucleic acid, protein, etc.). Thus, for example, strategies for the detection/quantification of 
nucleic acids can utilize arrays of DNA probes ready for hybridization. The nucleic acid to 
20 be analyzed is isolated and labeled with a fluorescent reporter group (Fidanza and McGall 
(1999) Nucleosides & Nucleotides, 18: 1293-1295; Lipshutz et al. (1999) Nature Genetics 
Chipping Forecast, 21: 20-24) and then hybridized to (incubated with) the array. The 
hybridization data are collected, e.g., as fluorescence emission from the label incorporated 
into the nucleic acid(s) hybridized to the probe array. Because the sequence and position of 
25 each probe on the array is known, the identity of the bound target nucleic acid is readily 
determined. 
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[0005] Similar approaches have been proposed that use microfabricated fiber optics 

to create high-density arrays of randomly ordered self-assembled bead-based sensors 
(Michael et al. (1998) Anal. Chem. 70: 1242-1248). Alternatively, semiconductor devices 
have been developed where small nucleic acids, or other capture probes, are electronically 
5 placed at, or "addressed" to, specific sites on a microchip. A sample is then analyzed for the 
presence of target molecules by determining which of the capture probes on the array bind 
to their cognate analyte in the sample (Edman et al. (1998) NucL Acids Res., 25: 4907-4914; 
Cheng etal (1998) Nature Biotechnology, 16: 541-546). 

SUMMARY OF THE INVENTION 

10 [0006] This invention provides methods for detecting or quantifying the presence of 

a target moiety attached to, or associated with a sensor and/or to determine the redox-state 
of a particular target moiety. In particular, the methods of this invention involve the 
electrochemical detection of the redox state of one or more target moieties. Thus, where the 
methods are used in a sensor, a change in redox state of a sensor element {e.g. nucleic acid, 

15 antibody, lectin, etc.) caused by the binding of a target analyte is detected. In other 

applications, e.g. molecular memories, the redox state of the storage molecules, or other 
analytes is determined using electrochemical methods. 

[0007] In certain embodiments, this invention provides approaches to improve the 

signal to noise ratio (S/N) in electrochemical measurements {e.g. amperometry, 

20 voltammetry, etc.). In particular, a method is described wherein the faradaic current is 
temporally dissociated from the charging current associated with reading the charge of a 
redox-active species {e.g. a self-assembled monolayer (SAM)). This method, designated 
herein as open circuit potential amperometry (OCPA), quantitatively reads the charge of the 
redox species bound to (electrically coupled to) an electrode surface, while discriminating 

25 against both charging current(s) and amperometric signal(s) that arise, e.g. from diffusion- 
based species in solution. 

[0008] Voltammetric data can also be obtained using this methodology. In this 

method, designated open circuit potential voltammetry (OPCV), a series of OCPA steps is 
preformed in which the potential is successively incremented (similar to pulse voltammetric 
30 methods). The efficacies of OCPA and OPCV are demonstrated herein in Example 1 using 
two types of thiol-derivatized, redox-active molecules attached to Au: (1) an alkyl-ferrocene 
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and (2) a Zn tetraarylporphyrin. The Examples provided herein show that OPCA and 
OPCV permit the accurate measurement of the charge associated exclusively with the 
electrode-coupled redox species with very high signal quality in a very short time period. 

[0009] Thus, in one embodiment this invention provides methods of determining the 

5 oxidation state of a compound. The methods preferably involve disconnecting an electrode 
from an electrochemical cell comprising the compound being measured (e.g. a redox-active 
compound) to allow the cell to reach an open circuit potential (OCP), connecting said 
electrochemical cell to an externally applied potential equivalent to the open circuit 
potential; and detecting a resulting current if such current exists where the magnitude of the 

10 current is a measure of the oxidation state of said compound. In particularly preferred 
embodiments, the compound is oxidized and said open circuit potential is a reducing 
potential, while certain other embodiments the compound is reduced and said open circuit 
potential is an oxidizing potential. The disconnecting is typically for a period ranging from 
about 0.001 ms to about 60 seconds, preferably from about 0.01 ms to about 20s, more 

15 preferably from about 0.01 ms to about 1 s, and most preferably from about 0.001 ms to 
about 0.1 s. In certain embodiments, the electrochemical cell a member of an array of 
electrochemical cells (e.g. an array comprising at least 10, preferably at least 100, more 
preferably at least 1000, and most preferably at least 10,000 or at least 1,000,000 
electrochemical cells. In certain embodiments the cells comprise a molecular memory or a 

20 biosensor. 

[0010] The disconnecting and connecting can comprise disconnecting and 

connecting the same electrode. In certain embodiments the disconnecting and connecting 
comprise making or breaking an electrical connection. In certain embodiments the 
disconnecting and connecting comprise varying a resistance between an electrode and the 
25 cell. In preferred embodiments, the open circuit potential (OCP) varies from about -5 V to 
about 5 V, more preferably from about -2 V to about +2V, still more preferably from about 
-1 V to about +1 V, and most preferably from about -0.5 V to about +0.5V. 

[0011] In certain preferred embodiments, the redox-active compound measured in 

the potentiostat of this invention has a multiplicity of different and distinguishable non-zero 
30 oxidation states (e.g. at least 2, preferably at least 4, more preferably at least 8, and most 
preferably at least 16, 32,or 64 different and distinguishable oxidation states). Particularly 
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preferred redox-active compounds include, but are not limited to, porphyrinic macrocycles 
(e.g. as described in WO 01/03126). 

[0012] In certain embodiments the potential is applied to the electrochemical cell 

through a voltage follower. In various embodiments, the potential is applied through a 
5 counter electrode while a working electrode is held at ground. Signal detection can be by 
any convenient method, e.g. amplifying the current with a high bandwidth current amplifier. 

[0013] In another embodiment, this invention provides a method of determining the 

oxidation state of a compound by applying a series of incrementally increasing voltage 
pulses to the compound in an electrochemical cell, disconnecting an electrode from the 

10 electrochemical cell, after each pulse, to allow the cell to reach an open circuit potential 
(OCP); connecting the electrochemical cell to an externally applied potential equivalent to 
said open circuit potential; and detecting a resulting current if said current exists wherein 
the magnitude of the current is a measure of the oxidation state of said compound. In 
certain preferred embodiments, the compound is oxidized and the open circuit potential is a 

15 reducing potential, while in other embodiments, the compound is reduced and said open 
circuit potential is an oxidizing potential. 

[0014] The disconnect time is typically for a period ranging from about 0.001 ms to 

about 60 seconds, preferably from about 0.01 ms to about 20s, more preferably from about 
0.01 ms to about 1 s, and most preferably from about 0.001 ms to about 0.1 s. In certain 
20 embodiments, the electrochemical cell a member of an array of electrochemical cells (e.g. 
an array comprising at least 10, preferably at least 100, more preferably at least 1000, and 
most preferably at least 10,000 or at least 1,000,000 electrochemical cells. 

[0015] The disconnecting and connecting can comprise disconnecting and 

connecting the same electrode. In certain embodiments the disconnecting and connecting 
25 comprise making or breaking an electrical connection. In certain embodiments the 

disconnecting and connecting comprise varying a resistance between an electrode and the 
cell. In preferred embodiments, the open circuit potential (OCP) varies from about -5 V to 
about 5V, more preferably from about -2 V to about +2V, still more preferably from about 
-1 V to about +1 V, and most preferably from about -0.5 V to about +0.5V. 

30 [0016] In certain embodiments the potential is applied to the electrochemical cell 

through a voltage follower. In various embodiments, the potential is applied through a 



-4- 



WO 02/077633 PCT/US02/07909 

counter electrode while a working electrode is held at ground. Signal detection can be by 
any convenient method, e.g. amplifying the current with a high bandwidth current amplifier. 

[0017] In certain preferred embodiments, the redox-active compound measured in 

the potentiostat of this invention has a multiplicity of different and distinguishable non-zero 
5 oxidation states (e.g. at least 2, preferably at least 4, more preferably at least 8, and most 
preferably at least 16, 32,or 64 different and distinguishable oxidation states). Particularly 
preferred redox-active compounds include, but are not limited to, porphyrinic macrocycles 
(e.g. as described in WO 01/03126). 

[0018] In certain embodiments the potential is applied to the electrochemical cell 

10 through a voltage follower. In various embodiments, the potential is applied through a 
counter electrode while a working electrode is held at ground. Signal detection can be by 
any convenient method, e.g. amplifying the current with a high bandwidth current amplifier. 

[0019] In still another embodiment, this invention provides a device for the 

detection of an oxidation state of a compound. The device typically comprises a first 

15 electrode and a second electrode disposed to contact the compound and thereby form an 

electrochemical cell; a voltage source connected to said first electrode; a switch that allows 
the compound to be isolated from the voltage source and the electrochemical cell to reach 
an open circuit potential; and a current measuring device for measuring current produced by 
the electrochemical cell. In certain embodiments, the device comprises two or more 

20 electrochemical cells, i.e., the electrochemical cell a member of an array of electrochemical 
cells (e.g. an array comprising at least 10, preferably at least 100, more preferably at least 
1000, and most preferably at least 10,000 or at least 1,000,000 electrochemical cells. In 
certain embodiments the voltage source comprises a voltage follower. In certain 
embodiments the current measuring device comprises a broadband current amplifier. 

25 [0020] In various embodiments, the first electrode and the second electrode are 

disposed in a channel (e.g. a capillary tube, a channel on a chip, an open-topped channel, 
etc.) through which a fluid comprising said compound can pass. In certain embodiments 
the electrodes are disposed in a well (e.g. in a multi-well plate). The electrodes can be 
disposed on a biosensor. The electrodes, in certain embodiments, are components of a 

30 molecular memory. 
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[0021] In still another embodiment, this invention provides a molecular memory 

device comprising a first electrode and a second electrode disposed to contact a redox-active 
compound comprising a porphyrinic macrocycle (e.g. a porphyrin) and thereby form an 
electrochemical storage cell wherein the first and second electrodes are fixed electrodes; a 
5 voltage source connected to the first electrode; a switch (switching device) that allows the 
redox-active compound to be isolated from the voltage source and the storage cell to reach 
an open circuit potential; and a current measuring device for measuring current produced by 
the electrochemical cell. In certain embodiments, the device comprises two or more 
electrochemical cells, i.e., the electrochemical cell a member of an array of electrochemical 
10 cells (e.g. an array comprising at least 10, preferably at least 100, more preferably at least 
1000, and most preferably at least 10,000 or at least 1,000,000 electrochemical cells. In 
certain embodiments the voltage source comprises a voltage follower. In certain 
embodiments the current measuring device comprises a broadband current amplifier. 

DEFINITIONS 

15 [0022] The term "oxidation" refers to the loss of one or more electrons in an 

element, compound, or chemical substituent/subunit. In an oxidation reaction, electrons are 
typically lost by atoms of the molecule(s) involved in the reaction. The charge on these 
atoms then becomes more positive. The electrons are lost from the species undergoing 
oxidation and so electrons appear as products in an oxidation reaction. An oxidation is 

20 taking place in the reaction Fe 2+ (aq) --> Fe 3+ (aq) + e" because electrons are lost from the 
species being oxidized, Fe 2+ (aq), despite the apparent production of electrons as "free" 
entities in oxidation reactions. Conversely the term reduction refers to the gain of one or 
more electrons by an element, compound, or chemical substituent/subunit. 

[0023] An "oxidation state" refers to the electrically neutral state or to the state 

25 produced by the gain or loss of electrons to an element, compound, or chemical 

substituent/subunit. In a preferred embodiment, the term "oxidation state" refers to states 
including the neutral state and any state other than a neutral state caused by the gain or loss 
of electrons (reduction or oxidation). 

[0024] The term "multiple oxidation states" means more than one oxidation state. In 

30 preferred embodiments, the oxidation states may reflect the gain of electrons (reduction) or 
the loss of electrons (oxidation). 
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[0025] The terms "different and distinguishable" when referring to two or more 

oxidation states means that the net charge on the entity (atom, molecule, aggregate, subunit, 
etc.) can exist in two different states. The states are said to be "distinguishable" when the 
difference between the states is greater than that provided by thermal energy at room 
5 temperature {e.g. 0°C to about 40°C). 

[0026] The term "electrode" refers to any medium capable of transporting charge 

{e.g. electrons) to and/or from a storage molecule. Preferred electrodes are metals or 
conductive organic molecules. The electrodes can be manufactured to virtually any 2- 
dimensional or 3-dimensional shape {e.g. discrete lines, pads, planes, spheres, cylinders, 
10 etc.). 

[0027] The term "fixed electrode" is intended to reflect the fact that the electrode is 

essentially stable and unmovable with respect to the storage medium (redox active 
material). That is, the electrode and storage medium are arranged in an essentially fixed 
geometric relationship with each other. It is of course recognized that the relationship alters 

15 somewhat due to expansion and contraction of the medium with thermal changes or due to 
changes in conformation of the molecules comprising the electrode and/or the storage 
medium. Nevertheless, the overall spatial arrangement remains essentially invariant. In a 
preferred embodiment this term is intended to exclude systems in which the electrode is a 
movable "probe" {e.g. a writing or recording "head", an atomic force microscope (AFM) tip, 

20 a scanning tunneling microscope (STM) tip, etc.). 

[0028] The term "electrically coupled" when used with reference to a storage 

molecule and/or storage medium (redox active material) and electrode refers to an 
association between that storage medium or molecule and the electrode such that electrons 
move from the storage medium/molecule to the electrode or from the electrode to the 

25 storage medium/molecule and thereby alter the oxidation state of the storage 

medium/molecule. Electrical coupling can include direct covalent linkage between the 
storage medium/molecule and the electrode, indirect covalent coupling {e.g. via a linker), 
direct or indirect ionic bonding between the storage medium/molecule and the electrode, or 
other bonding {e.g. hydrophobic bonding). In addition, no actual bonding may be required 

30 and the storage medium/molecule may simply be contacted with the electrode surface. 
There also need not necessarily be any contact between the electrode and the storage 
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medium/molecule where the electrode is sufficiently close to the storage medium/molecule 
to permit electron tunneling between the medium/molecule and the electrode. 

[0029] A "redox-active" compound or molecule refers to a compound or molecule 

capable of being oxidized or reduced. 

5 [0030] The term "redox-active unit" or "redox-active subunit" refers to a molecule 

or component of a molecule that is capable of being oxidized or reduced by the application 
of a suitable voltage. 

[0031] The term "subunit", as used herein, refers to a redox-active component of a 

molecule. 

10 [0032] The terms "storage molecule" or "memory molecule" refer to a molecule 

having one or more oxidation states that can be used for the storage of information (e.g. a 
molecule comprising one or more redox-active subunits). Preferred storage molecules have 
two or more different and distinguishable non-neutral oxidation states. 

[0033] The term "storage medium" refers to a composition comprising two or more 

15 storage molecules. The storage medium can contain only one species of storage molecule 
or it can contain two or more different species of storage molecule. In preferred 
embodiments, the term "storage medium" refers to a collection of storage molecules. 
Preferred storage media comprise a multiplicity (at least 2) of different and distinguishable 
(preferably non-neutral) oxidation states. The multiplicity of different and distinguishable 
20 oxidation states can be produced by the combination of different species of storage 

molecules, each species contributing to said multiplicity of different oxidation states and 
each species having a single non-neutral oxidation state. Alternatively or in addition, the 
storage medium can comprise one or more species of storage molecule having a multiplicity 
of non-neutral oxidation states. The storage medium can contain predominantly one species 
25 of storage molecule or it can contain a number of different storage molecules. The storage 
media can also include molecules other than storage molecules (e.g. to provide chemical 
stability, suitable mechanical properties, to prevent charge leakage, etc.). 

[0034] The term "electrochemical cell" consists minimally of a reference electrode, 

a working electrode, a redox-active medium (e.g. a storage medium), and, if necessary, 
30 some means (e.g., a dielectric) for providing electrical conductivity between the electrodes 
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and/or between the electrodes and the medium. In some embodiments, the dielectric is a 
component of the storage medium. 

[0035] The terms "memory element", "memory cell", or "storage cell" refer to an 

electrochemical cell that can be used for the storage of information. Preferred "storage 
5 cells" are discrete regions of storage medium addressed by at least one and preferably by 
two electrodes {e.g. a working electrode and a reference electrode). The storage cells can be 
individually addressed {e.g. a unique electrode is associated with each memory element) or, 
particularly where the oxidation states of different memory elements are distinguishable, 
multiple memory elements can be addressed by a single electrode. The memory element 
10 can optionally include a dielectric {e.g. a dielectric impregnated with ions and counterions). 

[0036] The term "storage location" refers to a discrete domain or area in which a 

storage medium is disposed. When addressed with one or more electrodes, the storage 
location may form a storage cell. However if two storage locations contain the same 
storage media so that they have essentially the same oxidation states, and both storage 
15 locations are commonly addressed, they may form one functional storage cell. 

[0037] The terms "read" or "interrogate" refer to the determination of the oxidation 

state(s) of one or more molecules {e.g. molecules comprising a storage medium). 

[0038] The term "refresh" when used in reference to a storage molecule or to a 

storage medium refers to the application of a voltage to the storage molecule or storage 
20 medium to re-set the oxidation state of that storage molecule or storage medium to a 

predetermined state {e.g. an oxidation state the storage molecule or storage medium was in 
immediately prior to a read). 

[0039] The term "Ei /2 " refers to the practical definition of the formal potential (E°) 

of a redox process as defined by E = E° + (RT/nF)ln(D ox /D re d) where R is the gas constant, 
25 T is temperature in K (Kelvin), n is the number of electrons involved in the process, F is the 
Faraday constant (96,485 Coulomb/mole), D ox is the diffusion coefficient of the oxidized 
species and D rec j is the diffusion coefficient of the reduced species. 

[0040] A "voltage source" is any source {e.g. molecule, device, circuit, etc.) capable 

of applying a voltage to a target {e.g. an electrode). 
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[0041] A "voltammetric device" is a device capable of measuring the current 

produced in an electrochemical cell as a result of the application of a voltage or change in 
voltage. 

[0042] An "amperometric device" is a device capable of measuring the current 

5 produced in an electrochemical cell as a result of the application of a specific potential 
("voltage"). 

[0043] A "potentiometric device" is a device capable of measuring potential across 

an interface that results from a difference in the equilibrium concentrations of redox 
molecules in an electrochemical cell. 

10 [0044] A "coulometric device" is a device capable of the net charge produced during 

the application of a potential field ("voltage") to an electrochemical cell. 

[0045] A "sinusoidal voltammeter" is a voltammetric device capable of determining 

the frequency domain properties of an electrochemical cell. 

[0046] The term "porphyrinic macrocycle" refers to a porphyrin or porphyrin 

15 derivative. Such derivatives include porphyrins with extra rings ortho-fused, or ortho- 

perifused, to the porphyrin nucleus, porphyrins having a replacement of one or more carbon 
atoms of the porphyrin ring by an atom of another element (skeletal replacement), 
derivatives having a replacement of a nitrogen atom of the porphyrin ring by an atom of 
another element (skeletal replacement of nitrogen), derivatives having substituents other 

20 than hydrogen located at the peripheral {meso-, (3-) or core atoms of the porphyrin, 

derivatives with saturation of one or more bonds of the porphyrin (hydroporphyrins, e.g., 
chlorins, bacteriochlorins, isobacteriochlorins, decahydroporphyrins, corphins, 
pyrrocorphins, etc.), derivatives obtained by coordination of one or more metals to one or 
more porphyrin atoms (metalloporphyrins), derivatives having one or more atoms, including 

25 pyrrolic and pyrromethenyl units, inserted in the porphyrin ring (expanded porphyrins), 
derivatives having one or more groups removed from the porphyrin ring (contracted 
porphyrins, e.g., corrin, corrole) and combinations of the foregoing derivatives {e.g. 
phthalocyanines, sub-phthalocyanines, and porphyrin isomers). Preferred porphyrinic 
macrocycles comprise at least one 5-membered ring. A number of porphyrinic macrocycles 

30 are described in WO 01/03126. 
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[0047] The term "porphyrin" refers to a cyclic structure typically composed of four 

pyrrole rings together with four nitrogen atoms and two replaceable hydrogens for which 
various metal atoms can readily be substituted. A typical porphyrin is hemin. 

[0048] The term "multiporphyrin array" refers to a discrete number of two or more 

5 covalently-linked porphyrinic macrocycles. The multiporphyrin arrays can be linear, cyclic, 
or branched. 

[0049] A "linker" is a molecule used to couple two different molecules, two subunits 

of a molecule, or a molecule to a substrate. 

[0050] A "substrate" is a, preferably solid, material suitable for the attachment of 

10 one or more molecules. Substrates can be formed of materials including, but not limited to 
glass, plastic, silicon, germanium, minerals (e.g. quartz), semiconducting materials, 
ceramics, metals, etc. 

[0051] The term "working electrode" typically used to refer to one or more 

electrodes that are used to set or read the state of a storage medium and/or storage molecule. 

15 [0052] The term "reference electrode" is typically used to refer to one or more 

electrodes that provide a reference (e.g. a particular reference voltage) for measurements 
recorded from the working electrode. In certain embodiments, the reference electrode can 
be used to set a particular voltage. In preferred embodiments, the reference electrodes in a 
memory device of this invention are at the same potential although in some embodiments 

20 this need not be the case. 

[0053] The term "fixed electrode" is intended to reflect the fact that the electrode is 

essentially stable and unmovable with respect to the storage medium. That is, the electrode 
and storage medium are arranged in an essentially fixed geometric relationship with each 
other. It is of course recognized that the relationship alters somewhat due to expansion and 

25 contraction of the medium with thermal changes or due to changes in conformation of the 
molecules comprising the electrode and/or the storage medium. Nevertheless, the overall 
spatial arrangement remains essentially invariant. In a preferred embodiment this term is 
intended to exclude systems in which the electrode is a movable "probe" (e.g. a writing or 
recording "head", an atomic force microscope (AFM) tip, a scanning tunneling microscope 

30 (STM)tip,efc). 
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[0054] "Disconnecting an electrode" refers to an "increasing the impedence" of the 

circuit, e.g., by addition of a resistive element in series with a counter or working electrode. 

[0055] "Connecting an electrode means " refers to decreasing the impedance of the 

circuit, e.g., by removing a resistive element in series with the counter or working electrode. 

5 [0056] An "open circuit" condition is the state where a circuit contains a large 

current limiting, series impedance, preferably greater than 10 x 10 6 ohm (Mega ohm), more 
preferably greater than 100 Mohm, most preferably greater than 10 9 ohm (1 Giga Ohm). 

[0057] A "closed circuit" condition is the state where a circuit has low impedance to 

ground, preferably less than 10 x 10 6 ohm (Mega ohm), more preferably less than 100 
10 kohm, most preferably less than 10 kohm (10,000 ohm). 

[0058] A "switch" is a component in a circuit that changes state from high 

impedance ("open circuit") to low impedance ('closed circuit"). 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0059] Figure 1 schematically illustrates a potentiostat according to this invention. 

15 [0060] Figure 2 illustrates a high-bandwidth potentiostat according to this invention^ 

A two-electrode potentiostat was constructed with a high-bandwidth current amplifier using 
two high-bandwidth operational amplifiers, but the potential is applied though a voltage 
follower connected to the counter electrode via a fast switching mercury- wetted relay. The 
electrochemical cell could be open-circuited at the counter electrode using this switch with a 

20 rise-time of 500 ns. 

[0061] Figures 3A and 3B illustrate structures and voltammetry of C12FC (Figure 

3A) and ZnP (Figure 3B). Thiol-derivatized alkyl ferrocene (Ci 2 F) and Zn 
tetraarylporphyrin (ZnP) were synthesized as the 5-acetyl derivatives. The cyclic 
voltammograms (scan rate 100 V/s) of the C12Fc and ZnP SAMs were obtained using 10 
25 |am diameter Au ball microelectrode immersed in dried, distilled CH 2 C1 2 containing 0.1 M 
Blu 4 NPF 6 . All potentials are recorded vs Ag/Ag + . 

[0062] Figures 4 A, 4B, and 4C illustrate the determination of the open circuit 

potential (OCP). Figure 4A: The OCP is determined by incrementing the potential applied 
to the counter electrode, disconnecting (dashed dotted line) it for a time period (xi = 15 s), 
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the circuit is reconnected (dotted line) and the resulting current Figure 4B is monitored after 
reconnection and not during the subsequent potential step. At any potential other than OCP 
either a positive or negative current spike is observed as the electrochemical cell is charged 
to the applied potential. As E w approaches OCP, the current observed upon reconnection 
5 diminishes. The current nulls at the OCP. Figure 4C: Empirical determination of the OCP 
of the Ci 2 Fc SAM. Each of the current transients shown represents the charging current 
observed upon reconnection of the electrochemical cell. Only charging (and not faradaic) 
current is observed because the potential steps are in a regime that is substantially les than 
the E1/2 of the SAM. The OCP is the potential at which no current flows. 

10 [0063] Figures 5 A and 5B illustrate OCP amperometry and OCP voltammetry, 

respectively. Figure 5A: OCPA is performed by applying an oxidizing potential (E w ) at the 
working electrode via application of a negative potential at the counter electrode (during 
this process the working electrode is maintained at ground). A switch is then opened to 
disconnect the counter electrode (dotted line), thereby opening the electrochemical circuit 

15 for a specified time (Xi = 15 s). After the potential of the electrochemical cell decays to the 
OCP, the switch is closed and the circuit is reconnected to an externally applied potential 
equal to the OCP of the reduced SAM (E R : determined above), and the reductive current is 
monitored. The magnitude of the resulting current is directly proportional to the number of 
molecules that remain oxidized while the electrode is disconnected from the applied 

20 potential. In OCPA, only the disconnect time (x) is varied, while Ew and Er are constant. 
Figure 5B: OCPV is performed by first creating the oxidizing potential at the working 
electrode (EW1) and then incrementing this potential by a step (AE). To obtain 
voltammetric data, the potential of the initial (oxidizing) pulse (E W i, E W 2 ? . . . ) is varied, but 
the current is always measured at the OCP (E R ). Each successive oxidation step is 

25 incremented by the same potential step (AE = EW 2 - EWi). The current transients are only 
a result of reconnecting the counter electrode at ER and not from the potential step AE. In 
OCPV, only EW is varied, while the disconnect time (Xi) and Er are kept constant. 

[0064] Figures 6A, 6B, 6C, and 6D illustrate OCPA of the Ci 2 F and ZnP SAMs. 

All experiments were performed on a 10 jam diameter Au ball, using the two-electrode , 5- 
30 MHz bandwidth potentiostat. Chronoamperometry: Standard chronoamperometry was 
performed at (Figure 6) C^Fc SAM from 0-300 mV (dashed line) and from 300-0 mV vs 
Ag/Ag + (solid line) and (Figure 6) ZnP SAM from 300-0 mV (dashed line) and from 800- 
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500 mV vs Ag/Ag + (solid line). The dashed traces in the two panels show the current 
observed when the potential is stepped in a range where the SAM is not redox active (i.e., 
where no faradaic current flows); the solid line represents a step that contains both faradaic 
and charging currents. OCPA: The same SAMs on the same electrodes were examined 
5 with OCPA at (Figure 6C) C12FC SAM; oxidized at E w = +300 mV vs Ag/Ag + for 20 ms 
prior to disconnection. The reductive current was measured after reconnection of the 
counter electrode at the OCP (E R = -400 mV vs Ag/Ag + , determined as shown in Figure 4) 
after a disconnect time (Xi) of 100 s, and (Figure 6D) ZnP SAM; oxidized at E w = + 800 
mV vs Ag/Ag + for 20 ms prior to disconnection. The reductive current was measured after 
10 reconnection of the counter electrode at the OCP (ER = +125 mV vs Ag/Ag+) with a 

disconnect time (Xi) of 100 s. As in the previous panels, the dashed traces in the two panels 
show the current observed when the SAM is not redox active (i.e., where no faradaic current 
flows); the solid line represents a step that contains primarily faradaic current. 

[0065] Figure 7 schematically illustrates one basic molecular memory unit "storage 

15 cell". 

[0066] Figures 8A and 8B illustrate integration of OCPA current transients as a 

function of disconnect time (xi). OCPA was performed for C12 Fc and ZnP SAMs as 
described in Figure 6. The instantaneous current was digitally integrated as a function of 
time and recorded as the instantaneous charge normalized to electrode area. The disconnect 
20 time (x0 was varied from 1 to 100 s for the Ci 2 Fc SAM (electrode area - 2500 |Lim 2 ; Figure 
8 A) and from 15 to 520 s for the ZnP SAM (electrode area = 790 ^im 2 ; Figure 8B). The 
magnitude of the charge measured was found to decrease exponentially as a function of Xi, 
indicating a first order process for charge recombination. The charge measured at 25 jus in 
each trace was used to represent the total retained charge of the monolayer Q(t). 

25 [0067] Figures 9 illustrates open circuit potential voltammetry of the C12F and ZnP 

SAMs. Each point represents the reductive charge measured after application of a 20 ms 
oxidizing potential, disconnection (xi as indicated), and reconnection at the OCP (see Figure 
4B). The solid line in each case represents a fit of the sigmoidal current- voltage curve E = 
E1/2 - (RT/nF)Ln(/ L - t0 the observed data. For C12Fc SAM; the oxidizing potential 

30 (EW) was varied from -300 mV to 300 mV vs Ag/Ag + (AE = 25 mV, E R = -400 mV vs 

Ag/Ag + ). For ZnP SAM; the oxidizing potential was varied from 100 mV to 1250 mV vs 
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Ag/Ag + (AE = 50 mV, ER = +125 mV vs Ag/Ag + ). 
waves at Ei /2 (1) = 0.73 V and El/2(s) = 1.05 V. 
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The ZnP SAM exhibits two oxidative 



DETAILED DESCRIPTION 

[0068] This invention provides approaches to improve the signal to noise ratio (S/N) 

5 in electrochemical measurements (e.g. amperometry, voltammetry, etc.). In general, the 
methods of this invention involve electrochemical measurements (e.g. voltammetry, 
amperometry, etc.) that temporally dissociate the faradaic current from the charging current 
associated with reading the oxidation state of a compound (e.g. reading the charge of a 
redox-active SAM). One method, designated herein as open circuit potential amperometry 
10 (OCPA), allows quantitative reading of the charge of a redox species, while discriminating 
against both charging currents and amperometric signals that arise from diffusion-based 
species in solution. 

L Open Circuit Potential Amperometry, 

[0069] Open circuit potential amperometry (OCPA) is qualitatively similar to 

15 conventional chronoamperometry; however, these methods differ in that the measurement 

of the charge associated with the redox-active oxidized species being measured (e.g. a self 

assembling monolayer (SAM)) is temporally dissociated from the charging current. 

Temporal dissociation of these currents is accomplished by allowing the electrochemical 

cell in which the measurement is conducted to discharge to its open circuit potential (OCP) 
20 prior to the amperometric measurement. In certain preferred embodiments, each 

electrochemical cell has a characteristic open circuit potential (OCP) that can easily be 

ascertained, as described herein. 

[0070] The "discharge" of the electrochemical cell to its OCP occurs due to the 

"imperfect" nature of the disconnected circuit. As will be shown below, even an "open" 

25 circuit, with very high impedance (>100 G£2), passes enough current (picoamperes) to 

discharge an electrochemical cell containing a microelectrode to its OCP within seconds. 
Once the OCP has been reached, current is measured upon reconnection of the circuit to a 
potential equal to that of the OCP. This current arises primarily from the reduction of any 
molecules that are still oxidized in the species/sample being measured (Figure 5A). In other 

30 words, after oxidation of the species/sample being measured (e.g. a storage molecule 
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comprising a molecular memory), the circuit is left open for a sufficient time (disconnect 
time, Ti) to allow the charging current associated with the oxidation step to dissipate. 
Because the circuit is open, an electrode/electrolyte interface is produced in which the 
oxidized species/sample being measured is stable under open circuit conditions. 
5 Reconnection of the circuit with an applied potential equal to the OCP (Er) reestablishes the 
electric field at the OCP without the need to inject any charging current into the cell (Figure 
4A). Upon reconnection of a low impedance path to the circuit, the oxidized species in the 
SAM are immediately reduced, producing a faradaic current (Figure 4B). 

[0071] While the foregoing discussion refers to determination of the oxidation state 

10 of an oxidized species the same approach can be used to measure the oxidation state of a 
reduced species. 

II. Open Circuit Potential Voltammetrv (OCPV). 

[0072] Voltammetric data can also be obtained using this methodology. In the 

voltammetric method, designated open circuit potential voltammetry (OCPV), a series of 
15 OCPA steps is performed in which the potential is successively incremented (similar to 
pulse voltammetric methods). 

[0073] OCPV is schematically illustrated in Figure 5B. The top panel in the figure 

illustrates the pulse sequence; the bottom panel shows the current response. OCPV is 
implemented by first applying an oxidation potential (E W i) and then incrementing this 

20 potential by a step (AE), similar to other pulse voltammetric methods. To obtain 

voltammetric data in this example, the potential of the oxidizing pulse (E w i, E W 2, etc.) is 
varied, but the current is measured on the reductive step at the OCP (E R ). The disconnect 
time (Ti) is kept constant while each successive oxidation step is incremented by the same 
potential step (AE = E w2 - E w i). OPCV affords the possibility of collecting voltammetric 

25 data by performing a series of OCPA steps. OCPV is schematically illustrated in Figure 
5B. The top panel in the figure illustrates the pulse sequence; the bottom panel shows the 
current response. OCPV is implemented by first applying an oxidation potential (E W i) and 
then incrementing this potential by a step (AE), similar to other pulse voltammetric 
methods. To obtain voltammetric data, the potential of the oxidizing pulse (E w i, E W 2, etc.) 

30 was varied, but the current was always measured on the reductive step at the OCP (E R ). The 
disconnect time (Ti) is kept constant while each successive oxidation step is, in a preferred 
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embodiment, incremented by the same potential step (AE = E W 2 - E w i). As the potential 
approaches the Em, a larger fraction of the molecules in the SAM is oxidized; therefore, the 
magnitude of the faradaic current increases (Figure 5B, bottom). Once the oxidizing 
potential step is sufficiently positive of the E1/2, the observed instantaneous current remains 
5 unchanged, regardless of any additional increments in the oxidizing potential. The resulting 
output is similar to the steady state response observed for conventional pulse voltammetry at 
slow scan rates (Osteryoung and Osteryoung (1986) Anal. Chem. Symp. Ser., 25: 3-12). For 
better S/N, the current observed in each step is integrated to yield the total charge (Q), 
which is then normalized to electrode area for ease of comparison between systems. 

10 III, Evaluation of QCPA and OCPV methods. 

[0074] The efficacies of OCPA and OPCV were demonstrated using S AMs 

comprising two types of thiol -derivatized, redox-active molecules attached to gold: (1) an 
alkyl-ferrocene and (2) a Zn tetraarylporphyrin (see Example 1). We show that OPCA and 
OPCV permit the accurate measurement of the charge associated exclusively with the 
15 surface-bound redox species with very high signal quality in a very short time period. 

[0075] We also evaluated the effect of the magnitude of the open circuit resistance 

on the dissipation of charging current by modifying the experiment slightly. Rather than 
disconnecting the counter electrode from the applied potential completely, a DPDT switch 
was used to connect the counter electrode to ground through a known resistance. This 

20 resistor provided a well-defined current path to ground during xi. When a 2 GS2 resistor 
was placed between ground and the counter electrode, the time required to reach OCP 
decreased by 73% compared with the time required under "open" circuit conditions. Use of 
a 1 G£l resistance yielded a still shorter time to reach OCP (decreased by 83%). In both 
cases, the OCPA method still measured a substantial amount of stored charge at long times, 

25 albeit diminished in magnitude. If the resistance was less than 10 MQ, the decay to OCP 
was too fast to measure with this experimental arrangement and no current was measured. 
These data indicate that charging current is leaking from the counter electrode to ground 
once the cell is open-circuited. 
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IV, Practice of OCPA and OCPV. 

[0076] In general, the methods of this invention are performed in the same manner 

as typical amperometric or voltammetric measurements, however, during the measurement, 
an electrode (the "charging" electrode) is disconnected (e.g. electrically decoupled) from the 
5 sample (e.g. from an electrochemical cell comprising the sample) to allow the cell to each 
an open circuit potential (OCP). The OCP is the potential at which no charging current 
flows through the external circuit of an electrochemical cell (Conway, et al. (1984) /. 
Electroanal. Chem. Interfacial Electrochem. 161: 39-49; Short and Shell (1985) J. Phys. E, 
18: 79-87). 

10 [0077] In the methods of this invention the open circuit potential of the 

electrochemical cell need not be exactly the potential at which zero current flows. An open 
circuit potential that allows a faradaic signal to be clearly distinguished from, e.g. 
capacitive/charging effects of the electrochemical cell is sufficient. In preferred 
embodiments, the open circuit potential is sufficient to result in a "background" signal that 

15 is less than 50%, preferably less than 20%, more preferably less than 10%, and most 
preferably less than 5%, or 1%, or 0.1% of the faradaic signal. 

A) "Disconnecting the electrode, 
[0078] The electrode is typically disconnected (e.g., decoupled) for sufficient time 

(xi) to allow the cell potential to decay to (or close to) the OCP. The cell is then 
20 reconnected (e.g. at a potential equal to or approximately equal to the OCP) and the 

resulting current, if such exists, is detected. The magnitude of the current is a measure of 
the oxidation state of said compound. 

[0079] The electrode (circuit) can be disconnected in a number of different ways 

(rather than just using a switch or a relay in the path between the voltage source and the 

25 counter electrode). In certain preferred embodiments, the current path either has a high 
impedance route (i.e., the circuit is "open", and molecules stay oxidized (or reduced) and 
charge is retained) and a low impedance route (i.e., when the circuit is "closed" and the 
molecules are reduced (or oxidized)). The OCPA behavior of the molecules is affected by 
the magnitude of impedance (i.e., when the circuit is open, the greater the impedance, the 

30 longer charge is retained by the molecules, but it takes longer to discharge the capacitance. 
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Also, one can place the "switch" after the working electrode and leave the reference 
connected, such that there is still a high impedance path between the potential and ground. 



B) Potentiostats optimized for OCPA and OCPV 

[0080] Figure 1 illustrates one preferred embodiment of a potentiostat used to 

5 implement the methods of this invention. A potential source is used connected to the 
material whose oxidation state is to be set and/or determined (the redox active material) 
through a switching device. In a preferred embodiment the redox active material, preferably 
together with two or more electrodes forms an electrochemical cell. The switching device 
permits the electrochemical cell to be electrically isolated from the voltage source. In 
10 certain embodiments, the voltage source can be used to set the oxidation state of the redox 
active material through a counter electrode. In preferred embodiments, a second electrode 
(e.g. a working electrode) electronically connects the redox active material to a detector 
that, e.g. permits measurement of a current. 

[0081] In preferred embodiments, the potential control of the electrochemical cell is 

15 quite different from that found in a traditional potentiostat. As illustrated in Figure 2, in one 
preferred embodiment, the potential is applied though a voltage follower {e.g., Burr-Brown 
OPA602), which is connected to a counter electrode via a fast switching device (e.g. a 
mercury-wetted relay). The electrochemical cell can be open-circuited at the counter 
electrode using this switching device, e.g., with a rise time of 1000 ns or less, preferably 
20 500 ns or less, more preferably 250 ns or less. The potentials can be generated according to 
standard methods known to those of skill in the art. Such methods include, for example 
dedicated circuits (e.g. read/refresh/write circuits) and/or more generalized instrumentation 
(e.g. using Lab VIEW). The current can also be collected through the potentiostat and, in 
preferred embodiments, is digitized. 

25 V. Uses of OCPA and OCPV. 

[0082] The methods of this invention can be used in a wide variety of contexts. For 

example, many electrochemical methods have been used to study the redox properties of 
electroactive molecules in solution or immobilized on electrode surfaces (Creager and 
Wooster (1998) Anal. Chem., 70: 4257-4263; Weber and Creager (1994) Anal. Chem., 66: 

30 3164-3172; Forster and Faulkner (1994) Am. Chem. Soc. 116: 5453-5461; Forster (1996) 
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Analyst (Cambridge, U. K.), 121: 733-741; Forster et al (2000) 7. Phys. Chem. B, 104: 
4425-4432; Kertesz et al (1999) Electrochim. Acta, 45: 1095-1104; Palecek et al (1997) 
Electroanalysis, 9: 990-997). 

[0083] The methods of this invention can also be used in a variety of detection 

5 systems, e.g. to detect and/or quantify one or more analytes (e.g. nucleic acids, proteins, 
porphyrinic biomolecules, and other redox-active materials). Such sensor systems typically 
utilize a capture ligand (e.g. a protein, nucleic acid, antibody, lectin, etc.) to capture an 
analyte and immobilize that analyte on a surface resulting in an electrical connection 
between the analyte and an electrode. Electrochemical methods (e.g. amperometry, 
10 voltammetry, etc.) are then used to detect and/or to quantify the analyte at the electrode 
(see, e.g. U.S. Patents 5,958,215 and 5,650,061). 

[0084] There is great interest in the utilization of electrochemical detection methods 

at arrays of biosensor elements (Cheng et al (1998) Nature Biotechnology, 16: 541-546). 
Such arrays can be used to simultaneously detect/quantify multiple analytes (e.g. different 
15 proteins, different species of DNA, etc.) and are well suited to "lab on a chip" applications. 

[0085] Thus, in certain embodiments, this invention contemplates the use of the 

methods described herein with electrochemical sensors. The sensors typically comprise an 
electrochemical cell that can capture one or more target analytes (e.g. nucleic acids, 
peptides, sugars, fats, carbohydrates, etc.). The specificity of the sensor can be achieved 
20 with the use of a ligand (e.g. an antibody (full, antibody fragment, single chain antibody, 
etc., a nucleic acid, a lectin, a carbohydrate, and the like) that specifically binds to or 
hybridizes with the target analyte. The binding event is detected by a change in redox state 
or redox acti vity of the sensor and this is measured using an electrochemical measurement 
(e.g. OCPV, OCPA, etc.), as described herein. 

25 [0086] In addition, arrays of redox elements forming arrays of electrochemical cells 

can be used as molecular memories (see, e.g., U.S. Patents 6,272,038, 6,212,093, 
6,208,553, and international patent applications WO 01/51188 and WO 01/03126). In 
preferred embodiments, the electrochemical cells ("storage cells") include a fixed electrode 
electrically coupled to a "storage medium" having a multiplicity of different and 

30 distinguishable oxidation states where data is stored in the (preferably non-neutral) 
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oxidation states by the addition or withdrawal of one or more electrons from said storage 
medium via the electrically coupled electrode. 

[0087] Figure 7 schematically illustrates a basic molecular memory unit "storage 

ceir, e.g., as described in WO 01/03126. The basic memory device, a "storage cell" 100 
5 comprises a working electrode 101 electrically coupled to a storage medium 102 comprising 
a multiplicity of storage molecules 105. The storage cell optionally includes an electrolyte 
107 and a reference electrode 103. The storage medium has a multiplicity of different and 
distinguishable oxidation states, preferably a multiplicity of different and distinguishable 
non-neutral oxidation states, and can change oxidation (charge) state when a voltage or 
10 signal is applied thereby adding or removing one or more electrons. 

[0088] Because molecular dimensions are so small (on the order of angstroms) and 

individual molecules in molecular memory devices (arrays of electrochemical (storage) 
cells) store multiple bits, such molecular memory devices offer remarkably high storage 
densities (e.g. > 10 15 bits/cm 3 ). 

15 [0089] In certain embodiments, the memory elements comprising the memory 

devices of this invention are fabricated using "moleholes". In certain embodiments, a 
"molehole" comprises a two or more arrays of conductors or semiconductors (e.g. 
electrodes) separated from each other vertically (e.g. by a dialectric, insulator, etc.) so that 
the conductors overlap each other at least one point. Within one or more intersection point 

20 of an upper and lower electrode (e.g. top and bottom interconnect) a well is fabricated. This 
well penetrates the electrodes, so that the electrodes form a portion of the side and/or 
bottom of the well. 

[0090] Storage molecules (e.g. porphyrinic macrocycles) are attached to one or 

more of the exposed conductor surfaces in the wells. Each well can then function as an 
25 electrochemical cell permitting electrochemical measurements of the bound molecules. The 
fabrication and use of such "moleholes" is described in detail in copending application 
USSN 10/046,499, filed on October 26, 2001. 

[0091] As the density of these storage devices (or other electrochemical cell (e.g. 

sensor) arrays) arrays increase, two compounding problems manifest. High densities of 
30 sensors (electrochemical cells) require that each sensor element (cell) becomes smaller 

(ultimately, to micron dimensions); hence, the signal amplitude (proportional to sensor/cell 
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area) also decreases. As the number of sensor elements increases, the time per 
measurement typically also decreases proportionately, thereby increasing measurement 
(read) bandwidth. The combination of these two effects leads to a situation where less signal 
must be measured with a wider bandwidth, leading to signal to noise (S/N) problems. The 
5 methods of this invention, by decoupling charging currents from faradaic currents 
dramatically improve S/N ratios and are particularly well suited to use with arrays of 
electrochemical cells. 

[0092] The methods of this invention are particularly useful where the redox active 

material to be measured and the electrochemical cell comprising the redox active material 

10 meet certain conditions. In particular, the methods of this invention are particularly 
preferred where the open circuit potential (OCP) is well defined and can be readily 
determined. In addition it is helpful if the open circuit potential is at an analytically useful 
potential (e.g. in the case of molecular memories described herein at a reducing potential). 
It is also desirable that the compositions/molecules comprising the redox active material 

15 remain oxidized (or reduced) as the electrochemical cell potential decays to the OCP under 
open-circuit conditions. Finally, it is desirable that the redox active material remain 
oxidized (or reduced) and be readily reduced (or oxidized) upon reconnection of the circuit. 

[0093] A wide number of redox active materials store charge over a time frame well 

suited to detection using the methods of this invention. Such redox-active materials include, 

20 but are not limited to, various analytes (e.g. biomolecules, various environmental pollutants, 
and the like) that it is typically desired to detect using a "biosensor". In addition, materials 
used in molecular memory devices (e.g. various self-assembled monolayers (SAMs) as are 
described in WO 01/03126). Particularly preferred redox-active materials include, but are 
not limited to porphyrinic macrocycles, most preferably porphyrins. The porphyrins can be 

25 arranged in a wide variety of configurations, e.g. linear polymers, branched polymers, 
arrays, etc. (see e.g. WO 01/03126). 
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EXAMPLES 

The following examples are offered to illustrate, but not to limit the claimed 



Example 1 

5 Open Circuit Potential Amperometrv and Voltammetrv of Surface-Bound Redox 

Species 

[0095] In this example, a new method is described to temporally dissociate the 

faradaic current from the background current associated with reading the charge of a redox- 
active SAM. This method, designated open circuit potential amperometry (OCPA), 

10 effectively reads the charge of the redox species bound to the electrode surface, while 
discriminating against both charging currents and amperometric signals that arise from 
diffusion-based species in solution. Voltammetric data can also be obtained using OPCA. 
In the voltammetric method, designated open circuit potential voltammetry (OPCV), a 
series of OCPA steps is performed in which the oxidizing potential is successively 

15 incremented, while the reading potential is maintained at the OCP. The efficacies of OCPA 
and OPCV are demonstrated using SAMs two types of thiol-derivatized, redox-active 
molecules attached to Au, (1) an alkyl-ferrocene and (2) a Zn tetraarylporphyrin. The 
studies show that both methods permit the accurate measurement of the charge associated 
exclusively with the surface-bound redox species with very high signal quality in a very 

20 short time period. 

Experimental section. 

Construction of a high-bandwidth potentiostat. 

[0096] A two-electrode potentiostat was constructed with a conventional high- 

bandwidth current amplifier using two high-bandwidth operational amplifiers (Figure 2). 

25 The first stage is a current-feedback inverting amplifier (Burr-Brown OPA644) and the 
second stage is an inverting voltage-feedback amplifier (Analog-Devices AD744), which 
together provide an overall amplification of 2020. The frequency response of this amplifier 
is flat to 1 MHz. The potential control of the electrochemical cell is quite different from 
that found in a traditional potentiostat. The potential is applied though a voltage follower 

30 (Burr-Brown OPA602), which is connected to the counter electrode via a fast switching 
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mercury-wetted relay (Aleph International Corp.). The electrochemical cell could be open- 
circuited at the counter electrode using this switch with a rise time of 500 ns. The potentials 
were generated in Lab VIEW and applied through the potentiostat. The current was also 
collected through the potentiostat and digitized at a rate of 5 MHz (National Instruments 
5 PCI-61 10E data acquisition board). 

Formation and Redox Characteristics of the SAMs. 

[0097] The structures of the thiol-derivatized alkyl-ferrocene (Ct2F) and Zn 

tetraarylporphyrin (ZnP) are shown in Figure 3. These molecules were synthesized as 
previously described (Gryko et al. (1999) J. Org. Chem., 64: 8635-8637 ;Creager and Rowe 

10 (1994) /. ElectroanaL Chem., 370: 203-211) and prepared as the S-acetyl derivatives {see, 
e.g. WO 01/03126). The S-acetyl protecting group has been shown to undergo facile 
cleavage upon exposure to gold (Au) ( Tour et al. (1995) J. Am. Chem. Soc, 111: 9529- 
9534; Gryko et al (1999) J. Org. Chem., 64: 8635-8637). The Au ball working electrode 
was prepared from 5 jam diameter Au wire sealed in soft glass (Creager et al. (1999) J. Am. 

15 Chem. Soc, 121: 1059-1064). Initially a ~500|im segment of the wire was protruding from 
the end of 1mm i.d. soft glass tubing. When exposed to a flame the glass forms a tight seal 
around the Au while the wire exposed directly to the flame melts into a ball that terminates 
at the surface of the glass. The electrode was then cooled in a stream of nitrogen and used 
immediately. The ball was found to have an average diameter of 10 |im 2 . Finally, the 

20 electrode was placed in a 2 mg/ml solution of C12F or ZnP for 20 min. and sonicated for an 
additional 1 min. The electrode was removed and rinsed with distilled CH 2 C1 2 . All 
electrochemical potentials are vs Ag/Ag + and recorded in dried, distilled CH2CI2 containing 
0.1 M BU4NPF6. As shown in Figure 3, the C12F SAM exhibits a single oxidative wave at 
E. /2 = 0.25 V; the ZnP SAM exhibits two oxidative waves at E*(l) = 0.73 V and E*(2) = 

25 1.05 V. 

Determination of Open Circuit Potential (OCP). 
[0098] The OCP (Conway, et al. (1984) J. ElectroanaL Chem. Interfacial 

Electrochem. 161: 39-49; Short and Shell (1985) J. Phys. E, 18: 79-87) of the 
electrochemical cell was determined empirically in a series of experiments performed as 
30 follows (Figure 4A, Figure 4B): (1) The potential was poised at an arbitrary value where no 
faradaic current is expected. (2) The circuit was then opened at the counter electrode for a 
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sufficient time (Xi) to discharge the capacitance of the electrodes in the electrochemical cell. 
(3) A potential was then applied to the counter electrode, the circuit was closed, and the 
resulting current was monitored. If the applied potential is not the OCP, charging current 
flows to create an electric field identical to that generated externally. This process was 
5 repeated at a series of different voltages to determine the potential at which no current 
flows, which, by definition, is the OCP. 

Open Circuit Potential Amperometry (OCPA). 

[0099] OCPA is schematically illustrated in Figures 5 A. The top of panel A in the 

figure illustrates the pulse sequence; the lower panel shows the current response. Initially, 

10 an oxidizing potential (E w ) was applied to the system through the closed switch in the 
potentiostat. The switch was then opened to disconnect the counter electrode from the 
electrochemical circuit for a specified time (Xi). After the electrochemical cell decayed to 
the OCP (which is a reducing potential) the switch is closed and the circuit was reconnected 
to an externally applied potential equal to the OCP (E R ). The oxidized SAM is immediately 

15 reduced, and the resulting faradaic current was recorded (Figures 5, panel A, bottom). 

Determination of Open Circuit Charge Retention. 

[0100] The magnitude of charge retention in the oxidized SAM can be determined 

with OCPA as is also illustrated schematically in Figure 5A. Charge retention is measured 
by successively changing the disconnect time (Xi, X2, etc.), which is the interval between the 
20 oxidation of the SAM and the consequent reduction of the oxidized SAM at the OCP. The 
current observed is directly proportional to the fraction of in the SAM that are retained in 
the oxidized state during the storage cycle. We have previously shown that the decay in the 
charge (the integrated current) for porphyrin S AMs fits a first-order rate law, allowing the 
calculation of a half-life (ti /2 ) for the process. 

25 Open Circuit Potential Voltammetrv (OCPV). 

[0101] OPCV affords the possibility of collecting voltammetric data by performing 

a series of OCPA steps. OCPV is schematically illustrated in Figure 5B. The top panel in 
the figure illustrates the pulse sequence; the bottom panel shows the current response. 
OCPV is implemented by first applying an oxidation potential (Ewi) and then incrementing 
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this potential by a step (AE), similar to other pulse voltammetric methods. To obtain 
voltammetric data, the potential of the oxidizing pulse (E w i, E W 2, etc.) was varied, but the 
current was always measured on the reductive step at the OCP (E R ). The disconnect time 
(Ti) was kept constant while each successive oxidation step was incremented by the same 
5 potential step (AE = E W 2 - E w i). In our experiments, each step was applied to the reference 
electrode for 20 ms and followed by disconnect time (Ti) of 15 s. As the potential 
approaches the Em, a larger fraction of the molecules in the SAM is oxidized; therefore, the 
magnitude of the faradaic current increases (Figure 5B, bottom). Once the oxidizing 
potential step is sufficiently positive of the Ei /2 , the observed instantaneous current remains 
10 unchanged, regardless of any additional increments in the oxidizing potential. The resulting 
output is similar to the steady state response observed for conventional pulse voltammetry at 
slow scan rates (Osteryoung and Osteryoung (1986) Anal. Chem. Symp. Ser., 25: 3-12). For 
better S/N, the current observed in each step is integrated to yield the total charge (Q), 
which is then normalized to electrode area for ease of comparison between systems. 

15 Results and discussion. 

[0102] Many electrochemical methods have been used to study the redox properties 

of electroactive molecules immobilized on electrode surfaces (Creager and Wooster (1998) 
Anal. Chem., 70: 4257-4263; Weber, K.; Creager, S. E. Anal. Chem. 1994, 66, 3164-3172; 
Forster and Faulkner (1994) Am. Chem. Soc. 1 16: 5453-5461; Forster (1996) Analyst 

20 (Cambridge, U. K.), 121: 733-741; Forster et al. (2000) /. Phys. Chem. B, 104: 4425-4432; 
Kertesz et al. (1999) Electrochim. Acta, 45: 1095-1 104; Palecek et al. (1997) 
Elect roanaly sis, 9: 990-997). While many of these studies were conducted to obtain 
fundamental information about electron transfer and physical phenomena involved in redox 
processes of the surface-confined species, there is increased interest in the rapid quantitation 

25 of redox species at surfaces. This is particularly true in the field of DNA (and other 

biomolecular) sensors, where there is much interest in the utilization of electrochemical 
detection methods at arrays of biosensor elements (Cheng et al. (1998) Nature 
Biotechnology, 16: 541-546). As the density of these arrays increase, two compounding 
problems are manifested. Higher densities of sensors require that each sensor element 

30 becomes smaller (ultimately, to micron dimensions); hence, the signal amplitude 

(proportional to sensor area) also decreases. As the number of sensor elements increases, 
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the time per measurement must also decrease proportionately, which necessitates that the 
bandwidth of the measurement increases. The combination of these two effects leads to a 
situation where less signal must be measured with a wider bandwidth, leading to severe S/N 
problems. 

5 [0103] Modulation techniques have been used very effectively in a number of 

circumstances to improve signal quality of surface immobilized redox species (Creager et 
al. (1999) /. Am. Chem. Soc, 121: 1059-1064). In AC voltammetry, a potential ramp is 
applied to the electrode (typically 10 to 50 mV/s), a small amplitude sine wave (always less 
than 50 mV; usually 10 mV (Eccles (1991) Crit. Rev. Anal. Chem, 22: 345-380)) is 

10 superimposed onto the linear ramp, and the signal is measured at the fundamental or second 
harmonic frequency using a lock-in amplifer. Small amplitude modulations are used 
exclusively to ensure that the faradaic response remains essentially linear (Eccles (1991) 
Crit. Rev. Anal. Chem, 22: 345-380). Thus, these measurements are limited to either the 
fundamental frequency or lower-order harmonics. The scan rate is determined by the slope 

15 of the linear ramp; the time of analysis typically varies between 20 to 200 s. Because the 
potential is modulated at one hundred to one thousand times the fundamental frequency of 
the ramp, modulation frequencies are typically in the tens to hundreds of hertz. AC 
voltammetry has been used to study the kinetics of monolayers of redox-active molecules 
tethered to electrode surfaces via alkane thiols (Creager and Wooster (1998) Anal. Chem., 

20 70: 4257-4263) or molecular-scale wires (Creager et al (1999) /. Am. Chem. Soc, 121: 
1059-1064). While this approach is extremely useful in the determination the kinetic 
parameters governing these systems, there are practical limitations to the analytical 
implementation of the approach. In particular, the technique does not completely 
discriminate against charging currents under conditions of low surface coverage or when 

25 fast measurements are required (e.g., fast scan rates (Creager et al (1999) J. Am. Chem. 
Soc, 121: 1059-1064)). 

Chronoamperometrv of Redox SAMs. 
[0104] Chronoamperometry has been utilized to rapidly interrogate the redox 

properties of surface-bound molecules (Forster (1996) Analyst (Cambridge, U. K.), 121: 
30 733-741; Forster et al (2000) J. Phys. Chem. B, 104: 4425-4432; Kertesz et al (1999) 

Electrochim. Acta, 45: 1095-1104; Sevilla et al (1998) Electroanal. Chem., 442: 107-112); 
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however, it is difficult to dissociate the current that arises from the redox processes in a 
monolayer from the capacitive current at the electrode interface. Pulse methods can 
discriminate the faradaic current arising from redox processes of diffusing species from the 
charging current in the time domain because charging currents decay much more rapidly 
5 than the diffusion-limited faradaic current (exp(-t/RC) vs t' 1/2 , respectively). However, 
these methods do not totally discriminated the faradaic current from the charging current. 
In addition, most of the signal is discarded because sampling must be done late in the pulse 
cycle. 

[0105] The problems associated with conventional chronoamperometry are 

10 illustrated in Figure 5, which shows the transient current observed when a 300 mV potential 
step is applied to the CnF (Figure 6A) and ZnP (Figure 6B) SAMs. The dashed traces in 
the two panels show the current observed when the potential is applied at a value where no 
faradaic current occurs. Consequently, the potential pulse produces only a background 
current that arises primarily from charging the electrochemical double-layer capacitance. 
15 The solid traces show the current produced when the potential step is set at a potential 150 
mV more positive than the E m of the SAM. This signal contains both the faradaic current 
and a background current. As can be seen, the faradaic current resulting from oxidation of 
the SAMS has the same time course as the charging current. This result indicates that the 
rate of electron transfer for C12F and ZnP is much faster than the RC time constant of the 
20 electrochemical cell (Forster et al (2000) J. Phys. Chem. B, 104: 4425-4432). Thus, the 
instantaneous faradaic current arising from the redox process can never be well 
discriminated from the instantaneous charging current that arises from the capacitive 
properties of the electrode. This situation becomes particularly problematic when dealing 
with dilute monolayers or electrodes with less than 100% monolayer coverage. 

25 Properties of OCP Methods. 

[0106] The signal quality of the measurement of redox properties of an immobilized 

redox-active molecule, i.e., the ratio of faradaic to charging currents, can be significantly 
improved if the faradaic current can be temporally decoupled from the charging current. 
Temporal dissociation of the two processes is possible if the surface-bound redox species 
30 maintain their redox state (for some finite period of time) on the electrode under open 

circuit conditions (i.e., it is possible to read the faradaic current after the electrode potential 
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has changed). This measurement requires (1) that the OCP is well-defined, can be readily 
determined, and is at an analytically useful (Le. t in this case, reducing) potential; (2) that the 
molecules in the SAM remain oxidized as the electrochemical cell potential decays to the 
OCP under open-circuit conditions; and (3) that the molecules that remain oxidized in the 
5 SAM are readily reduced upon reconnection of the circuit. As will be shown below, the 
C12F and ZnP SAMs satisfy these conditions. 

Determination of OCP, 
[0107] The OCP is the potential at which no charging current flows through the 

external circuit of an electrochemical cell (Conway, et al (1984) J. Electroanal. Chem. 

10 Interfacial Electrochem. 161: 39-49; Short and Shell (1985) Phys. £, 18: 79-87). The 
empirical determination for the OCP of the C12F and ZnP SAMs is shown in Figure 4C. 
Each of the current transients shown in the figure represents exclusively the charging 
current observed upon with reconnection of the electrochemical cell. Only charging current 
is observed because the potential steps are less than the Ei/ 2 of the SAMs. The OCP is the 

15 potential at which no current flows. The electrochemical cell can be connected and 

disconnected at the OCP at any time without the observation of any current. The value of 
the OCP depends greatly on the composition of the SAM. The Ci 2 F SAM has an 
experimentally determined OCP of -400 mV vs. Ag/Ag + , whereas the ZnP SAM has an 
OCP of +100 mV (under identical solution conditions). Note also that in both cases, the 

20 OCP is more negative than the Ei /2 of the redox species immobilized to the surface. 

OCPA of Redox SAMs. 

[0108] OCPA is qualitatively similar in many ways to conventional 

chronoamperometry; however, OCP amperometric methods differ in that measurement of 
the faradaic current is temporally dissociated from the charging current. This is 
25 accomplished by allowing the electrochemical cell to reach the OCP prior to the 

amperometric measurement (Figure 5A). Thus, after initial oxidation of the monolayer, the 
circuit is left open for a long enough time (xO to allow the cell potential to decay to the 
OCP. When the circuit is reconnected (to an externally applied potential equal to the OCP; 
E R in Figure 5A), molecules in the SAM that have remained in an oxidized state are 
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immediately reduced, and the resulting faradaic current can be measured in the absence of 
charging current. 

[0109] A SAM of thiol-derivatized Zn-tetraarylporphyrins (ZnP) is an ideal 

molecule for analysis with OCPA. The current corresponding to the reduction of singly- 
5 oxidized ZnP molecules in the SAM is observed after the circuit is disconnected for 100-s at 
a 25-micron diameter disk electrode (Figure 8A). This translates to retention of almost 66% 
of the charge in the singly-oxidized ZnP monolayer in that time period (Table 1). 
Previously, we have shown that the decay in the observed charge versus disconnect time fits 
a first-order rate law with extremely high fidelity, allowing the calculation of a charge 
10 retention half-life (ti/2) for the process. The charge retention half-life is extremely 

dependent on the nature of the molecule, and as such, is an important property that must be 
characterized for each analyte. 



Table 1. Charge retention characteristics of C^Fc and ZnP SAMs. 


Redox 
Process 


QCV a 
pC 


Qo b 

(Ti = OS) 

pC 


Qo b 
(x, = 
10s) 
pC 


Qo b 

(Ti = 100s) 
pC 


tl/2 b 
S 


Qdl C 
(CA) 
pC 


Qbkgd* 1 
(OCPA) 
PC 


C^F+^C^F 


162 


168 


140 


16 


31 s 


714 


1.2 


ZnP + -»ZnP 


29 


33 


32 


22 


167 


154 


0.74 


ZnP 2+ -»ZnP 


56 


54 


53 


32 


254 







15 a Q(CV), the integrated charge obtained from cyclic voltammetry, was obtained by digitally 
integrating the current under each peak obtained with cyclic voltammetry at 100 Vs-1 (see 
Figure 3) 

b Qo. the charge at t = 0s, and tl/2, the charge retention half-life, were determined by fitting 
the decay in the observed charge Q(x), 25 \xs integration time), vs. disconnect time (Ti) to a 
20 first order rate law. 

c Qdl(CA), the integrated charging current obtained from chronoamperometry, was 
obtained by digitally integrating the current under each transient from 0-300 mV (160 [is 
integration time, see dotted lines, Figures 6A and 6B). 

d QBKGD(OCPA), the integrated background current obtained in OCPA, was obtained by 
25 digitally integrating the current under each transient when each SAM was in the reduced 
state prior to the OCPA measurement (25 jus integration time, see dotted lines , Figures 6C 
and 6D). 

[0110] While the charge retention half-life of a Ci 2 F SAM is much shorter than ZnP 

30 SAM, there is a much larger initial charge density (Table 1). This scales with the size of the 
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molecule in the monolayer, and is another parameter that can affect the total sensitivity of 
the measurement. Thus, even though the Ci 2 F SAM has a much higher initial charge 
density, the same residual charge is observed after 100 s, since it undergoes much faster 
charge dissipation (Figure 8B). The current observed for OCPA of the C12F SAM at the 
5 same disconnect time (100 s) is almost an order of magnitude smaller than that observed for 
the ZnP SAM (Table 1). The Ci 2 F SAM loses approximately 91% of its original charge 
during this time, while less than 17% of the charge of the ZnP is lost in the same time 
interval. The effect of a short charge retention half-life can be mitigated to some extent by 
decreasing the disconnect time (xi). 

10 [0111] The disconnect time (X\) is an important parameter that can dramatically 

affect the sensitivity of this measurement. The shorter the disconnect time with respect to 
the charge retention half-life, the more charge is retained and the better the S/N of the 
measurement. The limit to how short the disconnect time can be is determined by how 
rapidly the charging current decays during disconnect. Under the conditions employed in 

15 this work, the charging current (for the electrode discharging from E w i to E R , the OCP) 

decayed exponentially, with a half-life of 0.58s. In order to make sure that at least 99% of 
this current has dissipated, one would have to wait at least three ti /2 , or 1.8 s, prior to 
reconnection. This discharge time is dependent on the electrical characteristics of the 
electrochemical cell and potentiostat. 

20 [0112] This experiment has been used to evaluate the charge storage capabilities of 

redox S AMs designed for digital information storage. A wide variety of ZnP-based thiol- 
tethered molecules have been synthesized and used for charge retention for molecular 
memory storage (see, e.g., WO 01/03126). The ZnP monolayers have unique charge 
storage capabilities. The oxidation state of the molecule also affects the charge retention 

25 half-life. The half-life of the singly-oxidized ZnP SAM used in this work is 167 s, while 
that of the doubly-oxidized species is 254 s (Table 1), indicating that the doubly-charged 
state discharges less rapidly than the singly-charged state. This can be confirmed by 
comparing the magnitude of stored charge in the two waves. The first wave in this 
experiment is 21 pC, representing a total of 1.2xl0 8 molecules that hold charge for 15s. 

30 One might expect the magnitude of the limiting charge measured at the second wave to be 
exactly twice that observed for the first wave, since all the porphyrin molecules that were in 
the first oxidation state are now doubly oxidized. Instead, the limiting current observed for 
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the second OCP voltammetric wave is almost two and one-half times larger than that found 
for the singly-oxidized monolayer. This data indicates that the doubly-charged state 
discharges less rapidly than the singly-charged state, presumably because it is a strongly 
coupled system, where the second state can only relax via the first state. Investigation of 
5 this phenomena may lead to new strategies that prolong the open circuit charge retention 
behavior of molecules used for tags of biomolecules or for long term memory storage. 

OCP Voltammetrv of Redox SAMs. 
[0113] Retention of charge in the oxidized monolayer affords the possibility of 

collecting voltammetric data as well, simply by performing a series of OCPA steps (similar 

10 to pulse voltammetric methods). OCPV is schematically illustrated in Figure 5B. The top 
panel in the figure illustrates the pulse sequence for the application of potential to the 
system; the bottom panel shows the current response. OCPV is implemented by using a 
series of OCPA steps, where the oxidation potential (E W i) is incremented with each step, 
similar to other pulse voltammetric methods. Unlike those methods, the current is always 

15 measured on the reductive step at the OCP (E R ). The disconnect time (xi) is kept constant 
while each successive oxidation step is incremented by the same potential step (AE = E W 2 - 
E w i). As shown in Figure 9, this allows the creation of a voltammogram, where the 
reductive current is proportional to the amount of oxidized monolayer that remains after the 
disconnect time. This follows the Nernst relationship for an equilibrium process, where E = 

20 E1/2 + RT/nF ln(r M "7r M °), where T M + and r M ° are the surface concentrations of the oxidized 
and reduced forms of the monolayer, respectively. This gives rise to a sigmoidal current- 
voltage relationship, E = Em + RT/nF ln(i L - i)/iO, where i is the current at any step and i L 
is the limiting current at high overpotential. The S/N of the measurement can be improved 
significantly by integrating the current observed at each step, and plotting the resulting 

25 integrated charge (Q). Figure 9 shows the OCP voltammetry of a C12F SAM, which has a 
characteristic sigmoidal shape of a Nernstian process. The integrated charge at two 
discharge times are plotted (Xi = 3 s or 15 s, as shown), demonstrating that the sensitivity of 
the measurement (proportional to iO is dependent on Xi, but that the E1/2 is independent of 
discharge time. 

30 [0114] The OCP voltammogram for the ZnP SAM is also shown in Figure 9; it also 

has virtually no background current (due to the absence of charging current), as shown in 
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the potential range from 150-450 mV. Once the oxidizing step potential starts to approach 
650 mV vs Ag/Ag + (the E 1/2 for the first oxidation of the ZnP, Figure 3), the charge read in 
the reduction at the OCP increases due the greater presence of the singly-oxidized ZnP + . 
The second oxidation wave is also sigmoidal, and both waves have half-wave potentials 
which correspond to the Ey 2 potentials of the ZnP monolayer determined with cyclic 
voltammetry (650 mV and 1050 mV, respectively; as shown in Figure 4). 

Conclusions. 

[0115] OCPA can be used to quantitatively determine the amount of stored charge 

on the surface of an electrode in the absence of charging current. This allows the 
observation of the unique charge storage capabilities of different SAM forming molecules. 
The difference in the retention of stored charge between the two types of SAMs is a 
probably a result of the difference in the cation radical stability in the SAM. OCPV can 
provide voltammetric information about the redox species involved in the reaction and may 
be useful in providing qualitative as well as quantitative information about a redox species 
electrically coupled to an electrode surface. 

[0116] It is understood that the examples and embodiments described herein are for 

illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of 
this application and scope of the appended claims. All publications, patents, and patent 
applications cited herein are hereby incorporated by reference in their entirety for all 
purposes. 
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CLAIMS 

What is claimed is: 

1. A method of determining the oxidation state of a compound, said 
method comprising: 

5 disconnecting an electrode from an electrochemical cell comprising 

said compound to allow said cell to reach an open circuit potential (OCP); 

connecting said electrochemical cell to an externally applied potential 
equivalent to said open circuit potential; and 

detecting a resulting current if said current exists wherein the 
10 magnitude of said current is a measure of the oxidation state of said compound. 

2. The method of claim 1, wherein said compound is oxidized and said 
open circuit potential is a reducing potential. 

3. The method of claim 1, wherein said compound is reduced and said 
open circuit potential is an oxidizing potential. 

15 4. The method of claim 1, wherein said disconnecting is for a period 

ranging from about 1 jxs to about 1000 seconds. 

5. The method of claim 1, wherein said disconnecting is for a period 
sufficient to dissipate charge in said cell. 

6. The method of claim 1, wherein said disconnecting is for a period 
20 comparable to the RC time constant of said cell. 

7. The method of claim 1, wherein said electrochemical cell a member 
of an array of electrochemical cells. 

8. The method of claim 7, wherein said array of electrochemical cells 
comprises at least 100 electrochemical cells. 

25 9. The method of claim 1, wherein said disconnecting and said 

connecting comprise disconnecting and connecting the same electrode. 
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10. The method of claim 1, wherein said disconnecting and said 
connecting comprise making or breaking an electrical connection. 

11. The method of claim 1, wherein said disconnecting and said 
connecting comprise varying a resistance between an electrode and said cell. 

5 12. The method of claim 1, wherein said open circuit potential varies 

from about 10.001V to about ±5V. 

13. The method of claim 1, wherein said compound has a multiplicity of 
different and distinguishable non-zero oxidation states. 

14. The method of claim 1, wherein said potential is applied through a 
1 0 voltage f ol 1 o wer . 

15. The method of claim 1, wherein said potential is applied through a 
counter electrode while a working electrode is held at ground. 

16. The method of claim 1, wherein said detecting comprises amplifying 
said current with a high bandwidth current amplifier. 

15 17. The method of claim 1, wherein said detecting is with a current 

transducer. 

18. A method of determining the oxidation state of a compound, said 
method comprising: 

applying a series of incrementally increasing voltage pulses to said 
20 compound in an electrochemical cell; 

disconnecting an electrode from said electrochemical cell, after each 
pulse, to allow said cell to reach an open circuit potential (OCP); 

connecting said electrochemical cell to an externally applied potential 
equivalent to said open circuit potential; and 
25 detecting a resulting current if said current exists wherein the 

magnitude of said current is a measure of the oxidation state of said compound. 
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19. The method of claim 18, wherein said compound is oxidized and said 
open circuit potential is a reducing potential. 

20. The method of claim 18, wherein said compound is reduced and said 
open circuit potential is an oxidizing potential. 



ranging from about 1 jxs to about 1000 seconds. 

22. The method of claim 18, wherein said disconnecting is for a period 
sufficient to dissipate charge in said cell. 

23. The method of claim 18, wherein said disconnecting is for a period 
10 comparable to the RC time constant of said cell. 

24. The method of claim 18, wherein said electrochemical cell a member 
of an array of electrochemical cells. 

25. The method of claim 24, wherein said array of electrochemical cells 
comprises at least 100 electrochemical cells. 

15 26. The method of claim 18, wherein said disconnecting and said 

connecting comprise disconnecting and connecting the same electrode. 

27. The method of claim 18, wherein said disconnecting and said 
connecting comprise making or breaking an electrical connection. 

28. The method of claim 18, wherein said disconnecting and said 
20 connecting comprise varying a resistance between an electrode and said cell. 



5 



21. 



The method of claim 18, wherein said disconnecting is for a period 



29. 



The method of claim 18, wherein said open circuit potential varies 



from about ±0.01V to about ±5V. 



30. The method of claim 18, wherein said compound has at least two 
different and distinguishable non-zero oxidation states. 
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The method of claim 18, wherein said potential is applied through a 



32. The method of claim 18, wherein said detecting comprises 
amplifying said current with a high bandwidth current amplifier. 



5 



33. 



A device for the detection of an oxidation state of a compound, said 



device comprising: 

a first electrode and a second electrode disposed to contact said 
compound and thereby form an electrochemical cell; 



10 



a voltage source connected to said first electrode; 

a switch that allows said compound to be isolated from said voltage 



source and said electrochemical cell to reach an open circuit potential; and 

a current transducer for measuring current produced by said 

electrochemical cell. 

34. The device of claim 33, wherein said device comprises two or more 
15 electrochemical cells. 

35. The device of claim 34, wherein said device comprises ten or more 
electrochemical cells. 

36. The device of claim 33, wherein said voltage source comprises a 
voltage follower. 

20 37. The device of claim 33, wherein said current meter comprises a 

broadband current amplifier. 

38. The device of claim 33, wherein said first electrode and said second 
electrode are disposed in a channel through which a fluid comprising said compound can 
pass. 

25 39. The device of claim 38, wherein said channel is a capillary tube. 



40. 



The device of claim 38, wherein said is a channel on a chip. 
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The device of claim 33, wherein said electrodes are disposed in a 



42. The device of claim 33, wherein said electrodes are disposed on a * 

biosensor. 

5 43. The device of claim 33, wherein said electrodes are components of a 

molecular memory. 

44. A molecular memory device comprising: 

, a first electrode and a second electrode disposed to contact a redox - 
active compound comprising a porphyrinic macrocycle and thereby form an electrochemical 
10 storage cell wherein said first and second electrodes are fixed electrodes; 

a voltage source connected to said first electrode; 
a switch that allows said compound to be isolated from said voltage 
source and said storage cell to reach an open circuit potential; and 

a current transducer for measuring current produced by said 

1 5 electrochemical cell . 

45. The device of claim 44, wherein said device comprises two or more 
electrochemical cells. 

46. The device of claim 45, wherein said device comprises ten or more 
electrochemical cells. 

20 47. The device of claim 44, wherein said voltage source comprises a 

voltage follower. 

48. The device of claim 44, wherein said current meter comprises a 
broadband current amplifier. 

49. The device of claim 44, wherein said porphyrinic macrocycle is a 

25 porphyrin. 
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